ABSTRACT:
The objective of this study was to investigate individual fixed effects in an animal model for breeding value estimation for semen traits of pig sire breeds. Data (151,755 ejaculates collected from 2000 through 2007 from 2,077 Duroc, sire line of Large White, Piétrain, and single cross boars between these breeds) were from 20 AI centers in the Czech Republic. Traits considered per ejaculate were semen volume, sperm concentration, motility, percentage of abnormal sperm, total number of sperm, and number of functional sperm. Fixed effects in the animal model were month of collection, age of the boar at collection, interval between subsequent collections, combined effect of AI center and year, and breed or crossbred combination. Semen volume was greatest from October through December and was least in March and April. Sperm concentration was greatest in winter and early spring and least in late summer and early autumn. Both total sperm number and number of functional sperm were greatest in winter and least in summer. Semen volume increased until about 2 yr of age and remained relatively constant thereafter. Sperm concentration increased sharply until 11 mo of age, followed by a long-term moderate decrease until 3 yr of age and stabilization thereafter. Motility decreased steadily with age, whereas the percentage of abnormal sperm increased over the entire productive lifetime of the boar. There were initial steep increases with advancing age in total sperm number and number of functional sperm, both reaching their maxima at about 2 yr of age and then dropping slightly to the end of the time scale investigated. The interval between subsequent collections had a large effect on sperm concentration. Motility tended to decrease and the percentage of abnormal sperm tended to increase with lengthening time interval between collections. Both total sperm number and number of functional sperm rose as the interval between collections increased to 10 d. Although boars will continue to be selected mainly for their breeding values for production and female reproduction traits, AI centers should also place economically optimal emphasis on boars with favorable estimated breeding values for semen traits.
INTRODUCTION
By allowing greater use of genetically superior sires, AI plays an important role in animal breeding (Oh et al., 2006b) . Currently, boars of sire breeds (lines) selected for commercial use as AI sires are evaluated on grow-finish performance and carcass characteristics (Oh et al., 2006a) . Boars of the sire breeds kept in the Czech Republic, for example, are evaluated on ADG from birth until the end of the performance test and on lean meat content at the end of the test. However, an AI center cannot restrict itself to selection on production traits for the pig producer, but must also consider factors that influence efficiency of the center such as conformation, temperament, and sperm quantity and quality. Basic semen traits that affect AI center profitability are volume, sperm concentration, and gross sperm morphology (Robinson and Buhr, 2005) .
Semen traits are known to be heritable (Grandjot et al., 1997; Smital et al., 2005; Oh et al., 2006b; Wolf, 2008) . Therefore, genetic evaluation of boars for semen traits and selection based upon estimated breeding values is possible. On this basis, an animal model was developed for the genetic evaluation of semen traits of pig sire breeds kept in the Czech Republic. The objective of the present investigation is to present and discuss the effects of environmental and genetic factors affecting semen traits that were identified from test runs of the animal model in which a large data set was analyzed.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database (database of the Association of Pig Breeders in the Czech Republic).
Animals and Traits
Data from the years 2000 through 2007 were collected from 20 AI centers in the Czech Republic. The 151,755 ejaculates originated from 2,077 boars of the Duroc, sire line of Large White, and Piétrain breeds and of single crosses between them. The data set was made available by the Association of Pig Breeders in the Czech Republic. The number of boars, number of ejaculates, and average number of ejaculates per boar for each breed and crossbred combination are summarized in Table 1 . These numbers refer to the edited data set that was used for all calculations (see below for details).
The following semen characteristics were measured on each ejaculate: semen volume or ejaculate volume (Vol) in milliliters (i.e., volume of the sperm rich fraction) measured by graduated cylinder; sperm concentration (Con, in 1,000 sperm cells per mm 3 ) measured by photocolorimetry; motility (Mo, progressive motion of spermatozoa in per cent, i.e., proportion of sperm cells actively moving, evaluated microscopically); and percentage of abnormal sperm (Ab, percentage of deformed sperm cells, also evaluated microscopically). The total number of sperm in the ejaculate (N total , in 10 9 sperm cells) was calculated as N total = Vol × Con/1,000, and the number of functional sperm (N func , in 10 9 sperm cells) was estimated as (Smital et al., 2004) :
Statistical Analyses
A model similar to that reported by Wolf (2008) was used for (co)variance and breeding value estimation:
where y ijklmno is the sperm characteristic measured on the oth ejaculate of the nth boar of the mth breed or crossbred combination, month i is the effect of the season (month), age j is the effect of the age class of the boar, int k is the effect of the interval between the present and previous semen collection, center_year l is the combined effect of the AI center and year, breed m is the effect of the breed or the crossbred combination of the boar, p n is the permanent environmental effect of the boar, a n is the additive genetic effect of the boar, and e ijklmno is the residual effect. The pedigree was traced back to approximately the year 1985.
To form age classes, the age of each boar in months at each collection was calculated. Ejaculates from animals less than 8 mo of age or greater than 48 mo were excluded from the data set. Age classes with monthly intervals were used up to an age of 28 mo. For animals aged 29 to 38 mo, 2-mo intervals were formed. For animals over 38 mo of age, the following 3 classes were formed: 39 to 41 mo, 42 to 44 mo, and 45 to 48 mo.
Preliminary analyses showed that all measured traits were most sensitive to changes in the interval between 2 semen collections from the same boar when that interval was short. Therefore, for intervals less than 11 d, classes were formed with an interval of 1 d. For intervals of 11 d and more, the following 3 classes were formed: 11 to 12 d, 13 to 15 d, and 16 to 21 d. The first semen collection of each boar and semen collections with an interval of 1 d or more than 21 d also were not included in the analyses.
Data were excluded from further analyses if any one of the following conditions was not fulfilled: the mini- Breeding value estimation for semen traits mum number of ejaculates per AI center was 100, the minimum number of ejaculates per AI center and year subclass was 20, and the minimum number of semen collections per boar had to be 5. Furthermore, trait values for individual ejaculates had to be within the following intervals: semen volume 50 to 600 mL, sperm concentration 50 to 900 thousand sperm per mm 3 , motility 50 to 100%, percentage of abnormal sperm 0 to 30%, total number of sperm 5 × 10 9 to 200 × 10 9 sperm. The means for all traits of the final data set are given in Table 1 .
Restricted maximum likelihood and optimization by a quasi Newton algorithm with analytical gradients (Neumaier and Groeneveld, 1998) as implemented in VCE 5.0 program (Kovač et al., 2002) were used to estimate the variances and covariances. Program PEST (Groeneveld et al., 1990 ) with the SMP solver was used for prediction and estimation of random and fixed effects, respectively, in the model given above. A 4-trait animal model was used for simultaneous analysis of semen volume, sperm concentration, motility, and percentage of abnormal sperm. Total sperm number and number of functional sperm were mathematical functions of the 4 measured semen traits; therefore, they could not be included in the multiple-trait animal model and singletrait animal models were used for the 2 derived semen traits.
Effects of fixed factors are presented as deviations from their average effect, with the exception of the breed effects, which are expressed as deviations from the corresponding effect of the Piétrain breed. Heterotic effects were calculated from the estimated effects for each crossbred combination and its purebred parent breeds in the usual way. Let breed A×B equal the effect for the crossbred combination A × B and breed A and breed B equal the effects of breeds A and B. Then the heterotic effect for combination A × B, h A×B , is
Each heterotic effect was also expressed as a percentage of the midparent phenotypic value.
To get an impression of the environmental trend across time, the effect of the year of collection was calculated from the combined effect for the AI center and year using the GLM procedure of SAS Institute Inc. (Cary, NC). Average breeding values of boars born in the same year were the basis for estimation of the genetic trend.
RESULTS

Genetic Parameters
The estimates of genetic parameters used in breeding value estimation are summarized in Table 2 . Semen volume showed the greatest heritability (near 0.3). With the exception of motility, the heritabilities for the remaining traits were in the range from 0.15 to 0.20. The proportion of variance caused by the permanent effect was mostly between 0.10 and 0.20; only for the percentage of abnormal sperm was this range exceeded. The repeatability was approximately in the range from 0.25 to 0.45, with motility at the lower limit and semen volume at the upper limit.
High negative genetic correlations were observed between semen volume and sperm concentration and between motility and percentage of abnormal sperm. The correlations caused by the permanent environmental effect of the boar behaved similarly as the genetic correlations. The residual correlations were mostly near 0, with the exception of the moderate negative correlation between semen volume and sperm concentration.
Seasonal Effects
Seasonal variability for the 6 semen traits, expressed as deviations from their overall annual averages, are presented in Table 3 . Semen volume had the greatest values from October to December and was least in March and April. Sperm concentration was greatest in winter and early spring (December to April) and least in late summer and early autumn (August to October). Motility was relatively constant throughout the year. Seasonal differences in the percentage of abnor- mal sperm also were small (less than 1%), but because the trait average was as low as 11%, differences in the order of magnitude of 1% may be of some importance. Both total sperm number and the number of functional sperm were greatest in winter and least in summer.
Effect of Age at Collection
The dependence of semen traits on the age of the boar at collection is shown in Figures 1 to 3 . Semen volume increased until an age of about 2 yr and remained more or less constant thereafter. The total increase in volume was approximately 100 mL. Sperm concentration increased until 11 mo of age, followed by a longterm moderate decrease until 3 yr of age and relative stabilization thereafter.
Motility decreased steadily with age, but the overall decrease was less than 1% (Figure 2 ). In contrast, the percentage of abnormal sperm increased over the productive lifetime of the boar, achieving a difference of nearly 4% between the youngest (8 mo) and the oldest (48 mo) boars. Initially, both total sperm number and the number of functional sperm increased sharply with age, reaching their maxima at about 2 yr and then decreasing slightly through the end of the age range investigated (Figure 3) .
Effect of the Interval Between Subsequent Collections
The interval between subsequent collections had a large effect on sperm concentration (Figure 4 ). An interval of 2 d resulted in 100 × 10 3 fewer sperm cells per mm 3 compared with an interval of 6 d. Intervals from 10 to 21 d yielded 40 × 10 3 to 50 × 10 3 more sperm cells per mm 3 per ejaculate than collections separated by a 6-d interval. The influence of the interval between collections on semen volume was considerably less than its effect on sperm concentration. A slight increase in semen volume was observed when increasing the interval from 2 to 7 d; for longer intervals, the values did not change markedly.
Motility tended to decrease and the percentage of abnormal sperm tended to increase with lengthening interval between collections, but the changes were relatively small ( Figure 5 ). Total sperm number and number of functional sperm both increased with increased collection intervals up to 10 d (Figure 6 ). At longer intervals, these values decreased slightly.
Breed and Heterotic Effects
Differences in semen traits among purebred boars are shown in Table 4 . Duroc had the least semen volume 1 Vol = semen volume (mL); Con = sperm concentration (10 3 sperm/mm 3 ); Mo = motility (%); Ab = percentage of abnormal sperm (%); N total = total number of sperm (10 9 sperm); and N func = number of functional sperm (10 9 sperm). Estimates of heterotic effects as absolute values and as percentages of midparent phenotypic value are shown in Table 5 . The percentage of abnormal sperm was from 10 to 26% less, and the number of functional sperm was from 3 to 13% greater in crossbred than in purebred boars. There was also a beneficial effect of crossing on total sperm number. In both crossbred combinations with Piétrain, there was 6 to 7% heterosis in semen volume. Crossing had no or a slightly negative effect on sperm concentration. The most favorable expression of heterotic effects summarized across traits occurred in the Duroc × Piétrain cross.
Environmental and Genetic Trend
The environmental trend of the semen traits expressed as the effect of the year of collection is shown in Table 
DISCUSSION
The estimates of effects presented in this paper were derived from animal model analyses that were designed to account simultaneously for all identifiable genetic and environmental factors potentially affecting the semen traits. In most comparative studies, only phenotypic means (for boars in different age classes, for example) are reported, which may be unadjusted for other effects or only partially adjusted in linear model analyses. Both of these types of studies are likely to suffer a greater degree of confounding among modeled effects than our animal model analyses, in which additive genetic relationships among boars have also been accounted for. Our more thorough accounting of relationships among causes and effects may partially account for differences in results and conclusions between our study and other results from the literature. Furthermore, it should be emphasized that the effects reported herein were estimated not from small samples 
General Discussion of the Model
The basic principle for creating an animal model should be to include all traits in one model because all of the traits are measured on the same experimental unit (boar). Therefore, at first glance, a 6-trait model should have been used. However, total sperm number is a function of semen volume and sperm concentration, and the number of functional sperm is a mathematical function of the 4 traits that are directly measured. Therefore, these 2 traits were not included in the overall model because to do so could have caused problems in numerical analysis. Furthermore, interpretation of correlations between traits where one is a clear mathematical function of the other is problematic.
Although our overall objective was to design methods for breeding value estimation of purebred boars, data from crossbreds were included in our analyses. This added information increased the precision with which environmental fixed effects were estimated and provided boars with larger numbers of relatives to increase accuracy of breeding value estimation.
Genetic Parameters
Our results have shown that semen traits are heritable with values between 0.05 and 0.28. These values are in a similar order of magnitude or greater than heritabilities for litter size traits. That means they are sufficiently large to allow for selection on these traits using an animal model. Functions of these traits, such as the total number of sperm in the ejaculate or the number of functional sperm, may also be used for selection purposes.
Repeatability is a measure of stability of the trait values over collections. The greater the repeatability value, the greater the stability. From this point of view, it is of practical importance for AI stations (prediction of the repeated performance of the boar). However, for selection decisions, the heritability estimates are more important.
The negative genetic correlation between semen volume and sperm concentration is unfavorable for selection on the total number of sperm. On the other hand, the negative correlation between motility and the percentage of abnormal sperm is favorable.
There are only a very limited number of literature sources on estimates of genetic parameters for semen traits of the boar. These sources are summarized and discussed in Wolf (2008) .
Seasonal Effects
Like their wild counterparts, most farm animal species at mid and high latitudes show seasonal variation in reproductive phenomena such as ovulation frequency, spermatogenic activity, gamete quality, and sexual behavior (Chemineau et al., 2007) . According to Colenbrander and Kemp (1990) , sperm production of boars may fluctuate as much as 25 to 30% throughout the Vol = semen volume (mL); Con = sperm concentration (10 3 sperm/mm 3 ); Mo = motility (%); Ab = percentage of abnormal sperm (%); N total = total number of sperm (10 9 sperm); and N func = number of functional sperm (10 9 sperm). The effects were defined as deviation from the effect of the Piétrain breed. Breeding value estimation for semen traits year, forcing AI centers to keep additional boars to compensate for these fluctuations. In the investigation of Grandjot et al. (1997) , the greatest values in total number of sperm occurred, as in our investigation, in the last quarter of the year. Rutten et al. (2000) , Smital et al. (2004), and Smital (2009) found that the number of usable doses per collection and the number of functional sperm exhibited clear seasonality with the greatest values from autumn to winter and the least values from spring to summer. This is in good agreement with the finding that the main season of rut in the wild boar is in late autumn (Delcroix et al., 1990; Kozdrowski and Dubiel, 2004) .
Effect of Age at Collection
In agreement with our results, Clark et al. (2003) reported a dramatic increase in average total sperm numbers from 8 to 10 mo up to 14 mo of age with little change thereafter. Smital (2009) also observed a rapid increase of sperm output with advancing age of the boar, but in that study, maximum output was achieved at a later time (3.5 yr of age). The increase of sperm output with age is probably caused mainly by testis growth and development.
The results of Rutten et al. (2000) showed that the number of usable doses per collection increased only slowly with age, which seemingly is in contradiction with the results of the 2 papers cited above and with our investigation. The slow increase may be explained by the fact that the interval between subsequent collections in the Rutten et al. (2000) experiment decreased with age, which decreased the influence of the age effect on total sperm number.
Effect of the Interval Between Subsequent Collections
In agreement with Rutten et al. (2000) , Frangež et al. (2005) , and Smital (2009), our investigation suggests that a time interval of 7 to 10 d between collections is a good choice for optimizing all semen traits from the biological point of view. Rutten et al. (2000) investigated collection intervals from 1 to 10 d and found that the greatest number of doses per collection can be generated for intervals of 7 to 10 d. Frangež et al. (2005) reported that smaller ejaculate volumes, decreased sperm concentrations, and decreased total sperm counts per ejaculate were obtained at collection frequencies of 7 and 3 than at 2 and 1 times per week. Significantly decreased progressive sperm motilities at 7 than at 3, 2, and 1 time per week collections also were observed.
Though longer intervals yield better results for individual semen traits, economic analysis by Rutten et al. (2000) showed that the greatest profits could be achieved from the shortest intervals between subsequent collections. However, that analysis did not take into account that, in the long-term, high ejaculation frequency leads to gradual deterioration of the biological value of the spermatozoa and induces changes in essential indices of semen quality (Strzezek et al., 1995) . Those authors concluded that high semen-collection frequencies stimulate an array of specific biochemical damaging changes in the spermatozoa that are similar to apoptosis of somatic cells. Pruneda et al. (2005) reported that a high semen-collection frequency brings about an altered resorption and secretion pattern of epididymal fluid, which results in defective sperm maturation and abnormal development of sperm motility.
Breed and Heterotic Effects
Our finding that Piétrain boars produced semen with decreased volume and total sperm number, but greater sperm concentration per ejaculate, than Large White boars was confirmed by Ciereszko et al. (2000) , Smital et al. (2004) , and partially by Smital (2009) . The latter author estimated a decreased total number of sperm for Large White compared with Piétrain. Furthermore, the result that Piétrain boars produced semen with greater volume and number of sperm per ejaculate and decreased sperm concentration than Duroc boars was supported by Smital et al. (2004) , Kondracki et al. (2006), and Smital (2009) .
Very limited information is available from large data sets on heterosis for semen traits. The most exhaustive data on this topic are provided by Smital (2009) . In agreement with our findings, Smital (2009) reported ); Mo = motility (%); Ab = percentage of abnormal sperm (%); N total = total number of sperm (10 9 sperm); and N func = number of functional sperm (10 9 sperm). The effect was defined as the deviation from the effect of the year 2000.
relatively high negative (favorable) heterotic effects for the percentage of abnormal sperm, especially for crossbreds involving Piétrain.
Environmental and Genetic Trend
Environmental trends for the semen traits were monitored over a relatively short interval of time. Nevertheless, results suggested a tendency for increasing sperm quantity, but deteriorating sperm quality. To the best of our knowledge, there are no generally available investigations on the genetic trend for semen traits in swine. In bull semen, in agreement with our results, no genetic trend has been observed (Taylor et al., 1985; Ducrocq and Humblot, 1995; Van Os et al., 1997) . In conclusion, although selection in sire breeds of swine will continue to be based primarily on improving growth, carcass merit, and female reproduction, breeding value estimation for semen traits provides a tool for AI centers wishing to control costs by increasing the number of doses of semen per boar per unit of time.
